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COMPASSES FOR AERIAL NAVIGATION. 


1. Usx. 


The purpose of the compass is to indicate direction or bearing. It 
enables the pilot or observer to determine (a) the course the airplane 
is following, (0) the bearing of any visible object from his own po- 
sition, and (¢) by means of cross bearings on known objects his own 
position. It is the most needed of the navigation instruments in 
cross-country flying, patrol work, bombing expeditions, etc., yet is 
more likely to give erroneous information than any other instrument, 
unless proper attention is given to installation and compensation, 
and unless the reading is made only when flying level on a straight 
course. In paragraph 4 a discussion will be given of the errors of the 
airplane compass and methods of eliminating these as much as pos- 
sible. 

Before any description of the compass or any discussion of the 
proper use is given, one should be perfectly familiar with the funda- 
mental facts of terrestrial magnetism. 

The earth acts as a huge magnet with one pole near the north and 


the other near the south geographical pole; so if a bar magnet is sus-_. 


pended so as to turn in any direction about its center of gravity it 
will take a position with one end pointing toward the north mag- 
netic pole and the other pointing toward the south. For this reason 
the ends are known as the north-seeking or N-end and the south- 
seeking or S-end, respectively. The magnetic force acting on the 
N-end is equal and opposite.to the force acting on the S-end, so the 
effect on the N-end only is considered. , 

The position that a freely suspended bar magnet or needle will 
take gives the direction of the magnetic force. At the north magnetic 
pole the needle is vertical with the N-end down; at the south magnetic 
pole the needle again is vertical with S-end down. At intermediate 
positions, near the geographical equator, but not generally on it, the 
needle takes a horizontal position. A line connecting points where 
the needle takes the horizontal position is called the magnetic equator. 

Between the magnetic equator and the poles the needle makes an 
angle with the horizontal, which is called the angle of dip or inclina- 
tion. If we call this angle 9, and the total magnetic force T, the 
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horizontal component H, and the vertical component V we have the 
following relations: 
H=7 cos 6 
V=T sin 0 
A compass is a single bar magnet, or set of bar magnets fastened to 
the same frame, mounted so as to turn only about a vertical axis. 


‘That is, only the horizontal component of the magnetic force is util- 


ized. Now, since the magnetic poles of the earth are not located at 
the geographical poles, the compass does not in general point due 
north and south, but somewhat east or west of this direction. The 
great circle passing through the poles of the needle is called the mag- 
netic meridian, and the angle between the true meridian and the mag- 
netic meridian is called the declination or variation of the compass. 
Lines connecting points of the same declination are called dsogonic 
lines, and the fine of zero declination is the agonic line. In Figure I 
is given a chart of isogonic lines for North America. It will be ob- 
served that the declination varies with both latitude and longitude. 
Now, when a compass is mounted in an airplane where there is 
more or less magnetic material, the position of the needle is affected 
by this also. The angle that it makes with the magnetic meridian is 
called the deviation. For successful navigation the aviator must 
know the declination and changes in deceation of the territory over 
which the flight is to be made, and the deviation at all points of the 
compass for fhe airplane in which it is mounted. : 


eon STRUCTION. 


‘Compasses may be ened as flat card and SA card, the 
former being read from above and the latter from the side. In Fi A g- 
ure II A and B are vertical cards, C has a flat and vertical card com- 
bined in one, and D is a flat-card instrument. Figure III shows the 
vertical card A and the flat card B. All four instruments may be 
considered modifications of the English Creogh-Osborne. compass. 
Type B, Figure II-A, manufactured by the General Electric Co., 
was produced in largest number. A few instruments (type B-3) of 
improved design were also delivered. Type A, Figure II-B, manu- 
factured by ANG Durkee Co., is very similar to jane B, but of peduced 
dimensions. Fi figure II-C illustrates a compass Pret as. “Navy 
type 2.” It is a miniature of the “Navy type 1,” or Sperry “Mark 
XVI,” and is manufactured by the Sperry ceecceone Co. Some of 
the. Mark XVI compasses were furnished the Army Air Service. 
Figure II-D is a flat-card compass, made by the General Electric 
Co., and embodies some of the features of the type B-3. 

Type B only will be described in detail, as the others are similar 
in the essential features. The card, which 3 is 24 inches in diameter, 
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8 SSES FOR AERIAL NAVIGATION. 


carries two cylindrical bar magnets of tungsten steel, mounted on 
the under side. The outside of the rim of the card is marked off in 10- 
degree graduations. The cardinal points are indicated by the letters, 
N, E, 5S, and W, and the 80-degree divisions are numbered, the number- 
ing being in a clockwise direction. The numbers at the cardinal points 
are omitted, N being 0 degrees, E 90 degrees, S 180 degrees, and W 
270 degrees. (For lack of space the ciphers of all the numbers are 
omitted.) The use of the owtside of the rim for the markings rather 
than the inside, as is the practice with some compasses, results in 
Jarger graduations and a gain in visibility, but brings the reading 
on the ait side of the card rather than the fore, so the N on the card 
is 180 from the N-end of the magnets. (Compare cards A and B, 
Fig. ITT.) 

Hrom the center of the card a pivot points down, and when the 
card is in place rests in a jewel cup at the top of a post extending 
into the bowl from the bottom. The card is kept in place by a cage 
and bell which gives a positive safety device so the pivot can not 
leave the cup. The pivot is made of steel. It is found that this 
becomes somewhat blunt with use, due to vibration, but this does not 
affect the performance appreciably. Experiments have shown stel- 
lite to be superior to steel for pivots. Sapphire is used for the jewel 
cup. | 

The vertical lubber line @ is mounted inside of the bow] and so as 
to be close to the glass face. A. horizontal cross line } attached to a 
gives an athwartship reference for the position of the card on a 
bank or side slip. This makes the compass useful as a lateral incli- - 
nometer. | | 

The damping system consists of two parts: (a) A liquid which 
fills the bowl and in which the card is submerged; (b) a mechanical 
combination of springs and cushions to neutralize vibration. The 
liquid in type B is kerosene, but in some types a mixture of water 
and alcohol is used.. The purpose of this is to damp out oscillations 
of the card arising from vibration, sharp turns, and bumps. The 
bowl is supported by three lugs which rest on three corresponding 
brackets on the supporting frame. There is a shock absorber at 
each lug, consisting of a felt washer ¢ between the lug and bracket, 
a bolt running through the lug and bracket, and a flat spiral spring 
fastened to the bolt and centered in a spring cup d on the under side 
of the bracket. This allows horizontal sliding freedom. 

The compass is the only instrument fitted with special illumina- | 
tion. A i/10 candlepower, 12-volt lamp is inclosed in the tube e. 
In the early production a single terminal was used, the frame 
serving as the other. With this arrangement the lamp current pro- 
duced a deviation of 2 to 5 degrees, and in the later instruments a 
double terminal lamp with twisted leads is used. In the dark the 














FIG. I11—COMPASS CARDS. 
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luminous markings of the card and lubber line should be sufficiently 


bright for a compass reading, but at twilight the lamp is necessary. 

The cylinder f at the top of the compass contains the tubes for the 
compensating magnets. One tube is parallel to the fore-and-aft line 
of the compass and at right angles to it. It was found that. these 
two tubes were not of sufficient capacity for proper compensation 
in some airplanes and an extra compensation chamber has been made 
up which may be attached to the lower spring cup. : 

At the top of the bowl, just under /, there is an air trap, in: which 
the aiz is compressed by the expansion of the liquid. If some such 
arrangement is not provided the giass face will be broken on a hot 
day due to expansion of the liquid. Jf the compass is properly filled 
a bubble of air will show when tipped face up. | 


3. INSTALLATION. 


The installation of the compass should be carefully investigated 
for each type of airplane, and selection of the best type of instrument 
and location may require considerable experimentation. So no 
directions can be given which will cover every case. The special 
points to be considered for the types of airplanes which have been 
investigated will be given in paragraph 4, and the general directions 
are as follows: : 

(a2) Inasmuch as steering a course solely by compass is very trying 
on the pilot, the instrument should be mounted as near the pilot’s 
line of vision as possible. This usually requires the vertical card. 
However, difficulties of compensation may require placing the com- 
pass elsewhere, so that a vertical card instrument can not be read and 
a flat card must be used. For a bombing or reconnaissance airplane 
of large radius of action the best possible compass should be selected 
and carefully compensated. If a vertical card instrument can be 
used, type B-8 should be installed, otherwise a flat card such as Navy 
typel. For pursuit and fighting planes of small radius of action and 
that.over more or less familiar territory, a less accurate instrument 
such as type A or B will prove satisfactory. 

(6) The compass should be mounted so that a plane passing 
through the pivot post and lubber line is parallel to the fore and aft 
axis of the ship. 


(c) The compass should always be handled with care. Rough 


usage may dull the pivot or break the jewel cup and render the 
instrument useless. 

(d) In fastening the compass to the instrument board, or other 
place of mounting, no iron screws, bolts, washers, or nuts should be 
used, but brass as furnished with the instrument. 
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10 COMPASSES FOR AERIAL NAVIGATION. 


oT ita Ie | ° . ° ° . 
(e) If the compass is used on a ship engaged in night flying 
the lamp terminals must be connected to the proper voltage, 12 volts. 
(7) Before it is used the compass should be compensated and the 


deviations printed on a card mounted near the instrument. (See 
below.) 


4, ERRORS OF THE CoMPASS AND COMPENSATION. 


The accuracy of the compass is influenced by four disturbing 
Causes : | 

(a) Permanent magnetic fields of the airplane. 

(6) Induced magnetism in the soft iron produced by the earth’s 
field. 

(¢) Vibration. 

(d@) Turning motion of the airplane. 


GMETIC HIERIDAN 


fiA 
\ 





% 


Fig. TV. 


Errors due to (a) and (6) may be largely eliminated by compen- 
sation; those due to (c) by suitable construction; but there is no way 
to eliminate those due to (d). 

In the process of construction the steel parts of an airplane acquire 
a certain amount of permanent magnetism which is induced by the 
earth’s field while the parts are subjected to jarring or vibration in 
‘being forged, machimed or fitted to place. This permanent magnet- 
ism will change when the airplane is put in commission due to 
‘vibration of the motor and shocks of gun fire and landing. However, 
-a certain amount is always existant. The resultant field of this per- 
manent magnetism causes the compass needle to deviate from the 
‘magnetic north and the amount and direction of the deviation de- 
pends upon the angle the permanent magnetic field of the airplane 
makes with the magnetic meridian. In Figure IV N-S represents the 
direction of the resultant field of permanent magnetism. The com- 
pass needle a-b is deflected west. The deviation will always be 
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westerly (although differing in amount) so long as the N-end of 
the airplane’s permanent magnetism is east of the magnetic meridian. 
If the airplane turns so that the N-end is west, then the deviation 
becomes easterly. Thus we see the deviation due to permanent 


magnetism changes sign every 180° of change in direction of per- 
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manent magnetism. For this reason it is called the semicircular 
deviation. 

The soft iron of the ship is magnetized by induction from the 
earth’s field, and the direction of this induced magnetism will change 
as the airplane changes azimuth. The effects will be the same as if 
there were three bars of soft iron in the airplane, one parallel to 
the longitudinal axis, one athwart ship and one perpendicular to the 
other two (which will be nearly vertical). The latter bar will be 
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magnetized by the vertical component of the earth’s field and the 
magnetism will always be in the same direction unless the airplane 
passes the magnetic equator. if the axis of this bar is coincident 
with the pivot of the compass it will produce no deviation, but if it 
is to one side of the compass pivot it will cause deviation, since one end 
will in general be nearer the compass than the other. The direction 
of the deviation will be reversed whenever the ship changes azimuth 
180°. Silence the effect is semicircular as for permanent magnetism 
and can not be distinguished from it. 

The induced magnetism in the athwartship bar will have no effect 
when the ship’s nose is headed due north, east, south, or west; for 
when north or south the axis of the bar is at right angles to the 
earth’s field and the induced field is negligible; and when east and 
west the axis of the bar is parallel to the compass needle and causes 
no deviation. The maximum effect is at the quadrantal points, NE, 
SE, SW, and NW. An examination of Figure V wiil show the 
deviation changes sign every 90°. Hence this is called a quad- 
rantal deviation. The effect of the longitudinal bar is similar but 
opposite in direction to that of the athwartship bar; however, the 
magnitude is‘much less, and in compensation no attempt is made to 
separate the two. 

The process of compensating the compass and obtaining the final 
deviation at the various points is called “swinging the ship.” Yor 
this purpose every aerodrome should have a level concrete platform 
40 feet (or more for large planes) in diameter with the cardinal and 
quadrantal points marked on the circumference and lines connecting 
opposite points. Such a platform should be located in a spot free 
from local magnetic disturbances and should be at least 100 yards 
from a steel hangar or railway line. In the absence of a permanent 
swinging table a temporary one may be laid out on a hard level plot 
of ground by means of cords and pegs. 

The airplane is rolled on to the swinging table and the folowing 
procedure carried out: 

(a) The tail is blocked up so the ship is in the normal flying 
position. 

(b) The athwartship axis should be level. 

(c) Plumb bobs are attached, one near the tail and one near the 
nose, so as to hang in the vertical plane of the longitudinal axis. 

(d) All parts of iron or steel should be in the proper place oceu- 
pied while flying. 

(ec) Then as described below the ship is moved around so as to 
head toward the various points of the compass. 

Compensation for the semicircular deviations are made first by 
one process and then for the quadrantal deviations by another. It 
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is impossible and quite impractical to get perfect compensation, and 
as a general thing compensation for the semicircular deviations is 
sufficient. A chart of the remaining deviations is then prepared 
and posted beside the compass. 

In the first compensation the airplane is placed with the longitudi- 
nal axis in the magnetic meridian, that is, with the plumb bobs along 
the N and §S line. There are furnished with each compass three sizes 
of compensating magnets, 1/32, 1/16, and 3/32 inches in diameter 
respectively. The strength is roughly proportional to the diameter. 
A sufficient number of these magnets are put into the compensating 
chamber of the compass at right angles to magnetic meridian to re- 
duce the easterly or westerly deviation to zero. Then the airplane 
is set along the east and west line and the northerly or southerly 
deviations corrected by placing magnets in the compensating cham- 
ber at right angles to the first. The deviation for this position is 
generally greater than for the first, and if the compass is near the 
motor so many magnets will be required that the extra compensating 
chamber placed below the compass will be necessary. 

Having corrected the deviations for these two points, the semi- 
circular deviations for all points should be nearly or entirely elimi- 
nated. If no further compensation is desired the ship is now swung 
to determine the remaining deviations at each of the cardinal and 
_ quadrantal points. It is placed on the N-S line with the nose north, 
then on the NE-SW line with the nose NE, etc. At each point the 
reading of the card in degrees is noted and recorded, A table or 
chart is then prepared giving the compass reading for each of these 
points. The following is an illustration of such table prepared from 


the swinging of a Curtiss JN-6H for a compass on the rear instru- 
ment board. 





| Ship’s head. atesucuic Compass | 





ourse. reading. | 

a —= 

Degrees. Degrees. 
N 0 0 
| N 45 47 
| iD 90 0 
| SE 135 133 
| S 180 179 
| SW 225 0 
| W 270 268 
| NW 315 313 





The difference between the readings of the ‘second and first 
columns gives the deviations. However, since the compass readings 
are used in steering a course, these are put on the chart rather than 
the deviations. In order to obtain the true bearing of the airplane 
the declination must be added or subtracted to the magnetic course; 
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added if the declination is east and subtracted if west. For ex- 
ample, using the compass for which the above table was prepared, 
in order to fly magnetic NE the ship must be headed so that the 
compass reads 47 degrees. In the vicinity of Washington, D. C., 
where the declination is about 5 degrees W, the true bearing will 
be 40 degrees; and in order to fly true NE the compass must read 
52 degrees. 

Figure VI gives the deviation curves plotted for the compass re- 
ferred to in the above table. The solid line curve gives the total 
deviation due to permanent magnetism and induced magnetism in 
soft iron, that is the resultant of the semicircular and quadrantal 
deviations. This curve shows the characteristic pointed out above, 
viz, that the deviations change sign every 180 degrees change in 
azimuth. The dotted line curve shows the deviations, given in the 
above table, which remain after the first compensation. These are 
largely quadrantal deviations, changing sign every 90 degrees. The 
maximum deviation is only a little more than 2 degrees, which is 
not a serious error, especially when known and allowed for. 

To correct for the quadrantal deviations, the airplane is placed on 
the NE-SW line, with the nose pointing NE. A ball of soft iron 
is placed on each side of the compass on a line through the pivot at 
right angles to the longitudinal axis. These are moved toward 
or away from the compass until the deviation is reduced to zero. 
Theoretically all quadrantal deviations are eliminated 1f proper com- 
pensation is made at this one point, but practically this is not the 
case due to a lack of symmetry of the magnetic fields. Hence it is 
better to test the compensation at another point, say with the ship on 
the NW-SE line and pointing SE. Some modification of the pre- 
vious adjustment may be necessary and a compromise made such 
that the deviation is a minimum for all quadrantal points. 

There is another error resulting from the airplane’s magnetic 
field that should be referred to, that is the “heeling error.” Ordi- 
narily the vertical component of the ship’s magnetism produces no 
deviation, being at right angles to the compass card. But if the 
card is not parallel to the floor of the airplane, as would occur in a 
skid or side slip, or possibly a bump, then this vertical component 
would affect the compass needle and produce a deviation. While 
this error may be compensated for by placing a magnet vertically 
below the compass this is not worth while, for a compass reading 
will seldom or never be attempted when the airplane is in such 
a position that the error occurs. It might happen that a pilot would 
read his compass on an improperly banked turn while flying in 
clouds, but the error due to the turning of the ship is so much greater 
as to completely overshadow this error. 
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‘The compensation of a compass can not be expected to hold for 


any great length of time. 


Observations made on a compass on the 


rear instrument board of a JN-6H show a maximum change in devia- 
tion of 4 degrees in two weeks, during which time the airplane made 
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accuracy of the compass is required, as on bombing airplanes, com- 
pensation should be made before each flight, and the deviations 
charted. If the compass is mounted near the motor, compensation 
must be made with motor running, because of the variable effects of 


. the ignition system. 


Below is given the results of investigations of the Engineering 

Division regarding the best location of compasses on various types 
of airplanes and methods of compensation. 
— (1) De Haviland 4.—With a type B compass on the pilot’s instru- 
ment board it was found that the combined action of the voltage 
regulator, switch unit, and distributor heads produced deviations of 
from 10 to 15 degrees when the motor was started. This, along with 
the strong field due to the permanent magnetism of the motor, makes 
compensation very difficult. Hence it is considered desirable to use 
a flat card compass, such as the Navy type 1, on the left wall of the 
fuselage. A compass on the rear instrument board can be readily 
compensated provided the guns are locked in a given position. Since 
the compass will not be used when firing is in progress, this is a 
possible arrangement. These airplanes were originally equipped 
with a steel control stick, which interfered seriously with the use of 
the compass in front. This was later changed to brass. 

(2) U. S. D-9A—This should be equipped with a reliable com- 
pass such as type B-3. When placed on the pilot’s instrument board 
there is no trouble from the ignition system. There is a strong per- 
manent field which may change during flight. This necessitates 
compensation before each flight when dependability is desired. 

(3) Le Pere biplane (L. U.S. A. C. 11) —One type B compass is 
mounted on the pilot’s instrument board. This being a fighting air- 
plane of small radius of action, it was considered a compass of only 
approximate accuracy, but conveniently seen would be most desirable. 

(4) Handley-Page.—One type B compass is placed on the right- 
hand side of the instrument board in front of the pilot, and a Navy 
type 1 about 14 feet below the instrument board. It would be better 
if one of the compasses were in front of the observer, but interference 
from the ignition system led to present arrangement. It is probable 
that further investigation should be made of the best location of com- 
passes in this airplane. 

it is highly desirable that a thorough and careful investigation 
be made of the most suitable location and the best method of com- 
pensation of the compass in any new type of service airplane. 

.It occasionally happens that a compass reading is in error due to 
a deviation arising from vibration. This error is more likely to 
occur for a certain small range of speeds of the motor, at which the 
instrument board, or whatever part of the airplane the compass 1s 
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mounted on, acquires a large amplitude of vibration through reso- 
nance. In extreme cases it may amount to as much as 10 degrees, 
but ordinarily not more than 2 degrees, and in general is negligible. 
However, it is a point that should be kept in mind in using a com- 
pass, and it should be tested for this error by running the motor at 
all speeds, when the airplane is on the ground, and the reading 
watched. If there is a large deviation, another compass should be 
tried, since this vibration error may be due to excessive pivot fric- 
tion. Mounting the compass at another position on the instrument 
board or some other part of the airplane may eliminate the trouble. 
In some of the compasses first turned out insufficient clearance be- 
tween the cage and bell resulted in jarge errors when there was vibra- 
tion of the compass. In the later instruments there is sufficient 
clearance to avoid this difficulty. 

One of the most serious errors of the airplane compass occurs when 
- turning off a northerly course, and is sometimes called the “ northerly 
turning error.” It is due to the vertical component of the earth’s 
magnetic field and can not be altogether done away with. If an 
airplane is flying toward the north and makes a properly banked 
turn to the east or west, the card no longer remains horizontal but 
tips up just as the airplane does and keeps parallel to the floor. This 
of course is due to the centrifugal force brought into play on the 
turn. With the card in this position the vertical component of the 
earth’s magnetic field has an effect and the N-end of the card tends 
to turn down. Now on a slow flat turn, in which the card remains 
horizontal, the card holds its direction fixed and the ship and lubber 
line turn with reference to the card. But on a banked turn from a 
northerly course the card also turns and in the same direction that 
the ship turns. It may happen that the rate of turning of the card 
is the same as the ship, and so if the pilot depends on the compass 
alone he will not appear to be turning at all. Or the compass may 
turn faster than ship, in which case it will appear to the pilot that 
he is turning in a direction opposite to which he really is. Or again 
the compass may turn slower than the ship, in which case the direc- 
tion of turn is correctly shown, but the rate appears slower than it 
actually is. 

On turning off an easterly or westerly course this effect does not 
occur. On turning off a southerly course the card tends to turn in 
the opposite direction to the ship, so that it gives the appearance of 


the ship eee faster than it actually does. So that this turning ~ 


error is only serious on northerly courses. If the pilot is flying in 
clear weather, so he has some fixed point for reference, he can 
straighten out his course and hold the ship level until he gets a com- 
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pass reading and tell just how much he has turned. But when flying 
in clouds with no fixed reference point the action of the compass is 
so misleading that the pilot invariably gets into a spiral that gener- 
ally leads to a tail spin. For this reason some pilots are of the im- 
pression that clouds are magnetic and produce large deviations of 
the compass. 

Now the period of a compass is determined by the strength of the 
card magnets. A short period compass has strong magnets, and a 
long period weak. With a compass the period of which is 10 to 16 
seconds the rate of turning, in the northerly turning error is greater 
than the ship, while with a compass of a period of 40 to 50 seconds 
the rate of turning is less than the ship. Hence a long period com- 
pass is better for cloud flying. However, such a compass is very 
slugeish j in registering turns and is not liked for that reason. The best 
practice for cloud flying is to use a short period compass and equip 
the airplane with a turn indicator which will indicate a turn inde- 
pendently of the compass, and enable the pilot to hold a straight 
course in clouds, or straighten oe of a turn. 
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